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6This study was carried out in order to reveal the 
degree to which host-tree factors influence the 
interaction between Norway spruce (Picea abies (L.) 
Karst.) and the endophytic (EN) and ectomycorrhizal 
fungi (EMF) found in their needles and roots, 
respectively. We also explored how susceptibility to 
fungal infection and the composition and 
functionality of associated fungal communities 
relates to seedling growth performance.
In multiple glasshouse experiments, we challenged 
Norway spruce seedlings and clonal cuttings with 
pure culture and natural EMF inoculum. Clonal 
cuttings of spruce were used to assess the heritability 
of EMF communities and needle endophytes. The 
relationship between the susceptibility to fungal 
infection and EMF community function with host-
tree performance was studied using seedlings 
originating from families known to have different 
growth rates at later life stages. We also examined 
resource allocation and root architecture of the fast- 
and slow-growing Norway spruce seedlings. 
Hypotheses derived prior to and during this work 
were tested with molecular tools and appropriate 
statistical techniques.
Host genotype partly controlled the colonization 
of EMF and EN species but future growth 
performance was not associated with susceptibility. 
Norway spruce seedlings originating from differently 
growing seed orchards were colonized similarly by 
EMF, and did not show any consistent bias in terms 
of infection rate or the function of single 
ectomycorrhizas. However, the short-root 
architecture was found to be moderately heritable 
and varied consistently between the fast- and slow-
growing origins. We observed seedlings of fast-
growing origins to have sparse and widespread 
rootlets that enable a greater allocation of below-
ground biomass and higher exoenzyme capacity 
compared to slow-growing seedlings.
Norway spruce does not show a strong genetic 
signal for within-population selection towards its 
mutualistic fungi at the species level. Formation of 
the associated EMF community may be an effect 
rather than cause of seedling physiological state. The 
superior growth of fast-growing genotypes seems to 
be a consequence of resource allocation and optimal 
root structuring in the juvenile stage rather than the 
extent of colonization by fungal mutualists. We 
accept that root physiological factors may 
subsequently lead to a higher capacity for symbiotic 
interactions in heterogeneous forest soil and a higher 
diversity and functionality of associated EMF. An 
adequate and versatile means of nutrient acquisition 
is an important factor enabling fast growth, but 
might also provide the basis for positive feedback via 
enhanced relationships with mutualistic fungi.
ABSTRACT
7Työssä tutkittiin metsäkuusen (Picea abies (L.) Karst.) 
perimän vaikutusta taimivaiheen neulas- ja 
juurisieniyhteisöjen rakenteeseen, ja näiden 
sieniyhteisöjen yhteyttä isäntäpuun kasvuun, 
resurssien kohdentamiseen sekä juuriston 
rakenteeseen. 
Kuusen siementaimia ja klonaalisia pistokkaita 
altistettiin symbionttisille pintasienijuurisienille sekä 
taudinaiheuttajasienille kasvihuonekokeissa, ja 
altistuksia seuranneita vuorovaikutuksia tutkittiin 
molekyylibiologisten ja tilastollisten menetelmien 
avulla. Klonaalisten pistokastaimien avulla tutkittiin 
kuusentaimien neulasendofyyttien ja 
pintasienijuurisienten yhteisörakenteen 
periytyvyyttä. Infektioalttiuden ja pintasienijuurten 
toiminnan yhteyttä kasvuun tutkittiin puolestaan eri 
alkuperää olevilla kuusen siementaimilla, jotka 
poikkesivat toisistaan myöhemmän kasvuvaiheen 
ilmiasultaan. 
Isäntäpuu sääteli osittain neulasendofyyttien ja 
pintasienijuurisienten kolonisaatiota mutta ei 
suoraan sienten lajimäärää tai infektioalttiutta. 
Myöhemmässä kasvuvaiheessa nopeasti ja hitaasti 
kasvavien kuusentaimien pintasienijuurisienten 
yhteisörakenteet olivat hyvin samanlaiset, eikä 
infektioherkkyydessä tai pintasienijuurten 
toiminnassa ollut eroja näiden taimiryhmien välillä. 
Suurimmat erot nopea- ja hidaskasvuisten 
kuusialkuperien siementaimien välillä ilmenivät 
juurten haarautumisessa ja resurssien 
kohdentamisessa. Hitaasti kasvavista alkuperistä 
peräisin olevat siementaimet kasvattivat tiheät 
juuristot, joissa oli paljon juurenkärkiä. 
Nopeakasvuisten alkuperien taimet kohdensivat 
enemmän resursseja maanalaiseen kasvuun, ja niiden 
juuret levittäytyivät hidaskasvuisia taimia 
laajemmalle, ja juuristotasolla niillä oli myös 
enemmän ravinteidenottopotentiaalia kuin hitaasti 
kasvavien alkuperien taimilla. 
Kuusi on elänyt miljoonia vuosia tiiviisti 
rinnakkain symbionttisten sientensä kanssa, ja 
tutkimustulostemme perusteella näyttää siltä, ettei 
kuusella esiinny voimakasta populaation sisäistä 
geneettistä valintaa sieniyhteisöjen lajeja kohtaan. 
Kuusen sieniyhteisöt eivät suoraan näytä säätelevän 
taimivaiheen elinvoimaisuutta, vaan ne saattavat 
pikemminkin heijastella isännän fysiologista tilaa. 
Hyvän kasvun salaisuus saattaa piillä resurssien 
kohdentamisessa oikeassa suhteessa maan alle 
erityisesti taimivaiheen aikana. Pitkällä aikavälillä 
riittävät juuriresurssit mahdollistavat kuuselle 
monipuolisen pintasienijuurisieniyhteisön 
kehityksen, joka puolestaan takaa monipuolisen 
toiminnan kautta riittävän veden ja ravinteiden 
saannin karussa metsämaassa. Hyvä ravinnetila voi 
edelleen johtaa kerääntyvän hyvän kierteeseen, joka voi 
olla yksi syy kuusen kasvueroihin. 
TIIVISTELMÄ (ABSTRACT IN FINNISH)
81.1 The importance of plant-microbe 
interactions in forest ecosystems 
In terrestrial ecosystems, plants represent the major 
carbon source to heterotrophic life above and below 
ground and exist in a system of multitrophic 
interactions. De Bary (1879) termed the close 
association between different organisms such as 
plants and microbes as symbiosis. We now know that 
most plant species are engaged in some form of 
symbiotic mutualism with microbial endophytes 
(Petrini 1986), soil microbes (Wall and Moore 1999), 
and mycorrhizal fungi (Smith and Read 2008). These 
interactions have profound impacts on ecosystem 
function (Eisenhauer 2012), and understanding this 
nexus is one of the most important but most 
challenging aspects of ecological research (Bardgett et 
al. 2005).
Plants provide an ecological niche for numerous 
microbes living within their tissues. Endophytes (Gk. 
éndon within, phytón plant) are organisms that are 
found living within plants (de Bary 1866), and all 
plant species surveyed thus far harbour one or more 
endophytic symbionts in their photosynthetic tissues 
(Stone et al. 2000, Hyde and Soytong 2008). 
Endophytic microbes live inside roots, stems or leaves 
without revealing their presence or causing any 
visible symptoms of disease for all or part of their life 
cycle (Petrini et al. 1993, Wilson 1995, Koskimäki et al. 
2010). 
Via their roots, plants are functionally linked to an 
entire assemblage of species living below ground in 
the rhizosphere (Hiltner 1904), where the majority of 
all genetic diversity is found. Plants provide a 
fluctuating input of organic compounds to the 
rhizosphere, shape the structure and chemistry of its 
associated soil (Hobbie 1992, Wardle 2002, Hartman 
et al. 2009, Bakker et al. 2014), and their propensity to 
establish particular microbial associations can 
influence soil community structure (Erland et al. 
1999, Lilleskov et al. 2004, van der Heijden et al. 1998).
Terrestrial plants rely on soil microbes, especially 
fungi, for their growth and survival in nutrient-poor 
forest soils (Pennanen et al. 1999, Read and Perez-
Moreno 2003). Microbial diversity regulates the 
productivity and community dynamics of plants as it 
drives the nutrient cycle in forest ecosystems. A fifth 
of the carbon fixed by plants in the boreal zone may 
be transferred to soil fungi and thus, along with the 
soil mesofauna, root-associated fungi play an 
important role in the carbon cycle (Högberg et al. 
2001, Johnson et al. 2002, Johnson et al. 2005, Seeber 
et al. 2012, Clemmensen at al. 2013, Philips et al. 2013). 
The term mycorrhiza (Gk. mykós fungus, riza 
roots) was first applied by Frank (1885) to the 
symbiotic associations between the roots of vascular 
plants and fungi (Ruehle and Marx 1979). 
Mycorrhizas and mycorrhizal fungi are essential 
components of phosphorus and nitrogen cycles in 
forests (Melin and Nilsson 1958, Read and Perez-
Moreno 2003, Finlay 2008), where they enhance the 
supply of nutrients and water to the host plant. 
Currently, seven kinds of mycorrhiza are 
recognized, based primarily on the morphology of 
the contact zone between fungus and host plants well 
as the species involved (Smith and Read 2008). 
Arbuscular mycorrhizas (phylum Glomeromycota) 
are the most common form of mycorrhizas and are 
found on all land plant phyla in diverse ecosystems 
(Smith and Read 2008). Arbuscular mycorrhizal 
fungi are effective providers of phosphorus but they 
predominantly use organic nitrogen for their own 
nutrition (Dickie et al. 2013). Ectomycorrhizas are 
the main mycorrhizal associations of woody 
perennials in the boreal region and are formed with a 
wide range of ascomycete and basidiomycete fungi 
(Kernaghan 2005, Smith and Read 2008). 
Ectendomycorrhizas share characteristics with 
ectomycorrhizas and also form intracellular fungal 
structures (Smith and Read 2008). Furthermore, the 
type of mycorrhizal association depends on the host, 
e.g., Wilcoxina sp. forms ectomycorrhizas with 
Norway spruce and ectendomycorrhizas with pines 
(Smith and Read 2008). The plant family Ericaceae has 
a nearly worldwide distribution and is a major 
component of infertile heathland ecosystems (Smith 
and Read 2008). Members of Ericaceae form ericoid, 
arbutoid and monotropoid mycorrhizas. The fungi 
that form ectomycorrhizal and ericoid mycorrhizas 
supply nutrients to their host plant and may also be 
involved in decomposition of soil organic matter 
(Read and Perez-Moreno 2003). Members of 
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9Orchidaceae form specific orchid mycorrhizas in 
subtropical and tropical regions (Smith and Read 
2008). Orchid mycorrhizas are essential during seed 
germination and, although the association is 
considered a mutualism, the host plant seldom 
transfers carbon to the fungus (Cameron et al. 2006, 
Dearnaley et al. 2012).
1.2 Fungal associations on shoots and roots 
of Norway spruce
Norway spruce (Picea abies (L.) H. Karsten) is a 
coniferous species from the Pinaceae family. It has 
low morphological diversity, conserved genetic 
variation, and a genome comprises almost 29 000 
genes (Nystedt et al. 2013). Norway spruce functions 
as a keystone primary producer in northern forest 
ecosystems, and is found in central Europe, northern 
Europe and northern Russia west of the Urals. 
Norway spruce is a commercially important species 
in Fennoscandia, with over 100 million seedlings 
planted annually in Finland alone (Finnish Food 
Safety Authority 2014). 
Norway spruce is an evergreen with needles that 
typically remain attached for 4–10 years (Andersson et 
al. 2002). Conifer needles are commonly infected by 
fungi (Carroll et al. 1977) and the dominant tree 
endophytes (i.e., fungi and bacteria) have been 
coevolving with their hosts for over 140 million years 
(Southworth 2012). All the aboveground parts of 
Norway spruce are inhabited by a large number of 
endophytic microbes (Wilson 1995, Müller and 
Hallaksela 1998) without showing any symptoms of 
disease.
The development of a functional root system is 
essential for vascular plants, and Norway spruce has a 
shallow system of several lateral roots that branch to 
fine roots and functionally-active short (i.e., 0–2 mm) 
roots (Persson 1983, Stögmann et al. 2013). Short roots 
are active for several years (Hansson et al. 2013) after 
which they die and are replaced. Short-root surfaces 
represent the location of nutrient dynamics in forest 
ecosystems as they release carbohydrates, amino 
acids, nucleotides and phenols to associated soil 
organisms (Rambelli 1973, Koske and Gemma 1992). 
Site conditions and soil structure affect the density 
and morphology of Norway spruce short roots, i.e., 
trees develop more short roots on nutrient-poor sites 
(Puhe 2003, Ostonen et al. 2007, Ostonen et al. 2013). 
 
1.2.1 Ectomycorrhizas
Trees are the main hosts of symbiotic 
ectomycorrhizal fungi (EMF). Ectomycorrhizas are 
characterized by three structural components: a 
mantle or sheath of fungal tissue enclosing the root, 
inward growth of fungal hyphae between plant cells, 
and the outer hyphal elements of external mycelium 
(Smith and Read 2008). As the EMF hyphae reach the 
root surface, they form the fungal envelope, a 
mycelial layer covering the root surface that 
continues between the epidermal cells of the root 
until it reaches the cortex where it forms the Hartig-
net contact zone between the two symbionts (Nylund 
and Unestam 1982). A true mantle is formed on the 
root surface, from which the extraradical mycelium 
extends into the soil (Wallander et al. 2001). 
Mycorrhizas are formed on the terminal three orders 
of fine roots, i.e., the short roots (Guo et al. 2008). 
Similar to many other tree species, Norway spruce 
is dependent on its symbiotic EMF and it forms 
extensively ectomycorrhizas with a wide diversity of 
fungal species (Frank 1885, Dominik 1961, Harley and 
Smith 1983, Taylor et al. 2000, Smith and Read 2008). 
The functional importance of ectomycorrhizas is 
high as they form the interface of both water and 
nutrient exchange between roots and their associated 
fungi (Garbaye 2000, Stögmann et al. 2013). EMF and 
their associated microbes contribute significantly to 
the uptake of nitrogen and phosphorus by the host 
(Harley 1952, Melin 1953, Read 1991, Bending and 
Read 1995, Read and Perez-Moreno 2003, Cairney 
2011). The fungal mycelia grow inside the humus and 
uppermost mineral soil layers (Lindahl et al. 2007), 
and fungal hyphae can penetrate smaller pores than 
roots. Hence, external mycelium increases the 
contact between roots and soil and enhances the 
absorptive efficiency of the entire root system 
(Rousseau et al. 1994, Simard et al. 2003) and may 
increase resistance to drought (Lamhamedi et al. 
1992) but the effects of mycorrhizas on water uptake o 
are context dependant (Garbaye 2000) and not always 
beneficial for the host (Lehto and Zwiazek 2011).
EMF species mobilize nutrients from forest litter 
and even humic substances by extracellular and 
membrane-bound hydrolytic and oxidative enzymes 
(Leake and Read 1990, Criquet et al. 1999, Courty et 
al. 2010). The EMF community of forests produces a 
highly variable assembly of exoenzymes, some of 
which are specific to certain fungal lineages (Bruns 
1995, Buée et al. 2007, Courty et al. 2010). EMF 
exoenzymes can degrade lignin and soluble phenolic 
substrates and mobilize otherwise inaccessible 
sources of nitrogen and phosphorus (Bending and 
Read 1995, 1997). The symbiotic interaction between 
EMF and plant cells is based on reciprocal nutrient 
exchange, e.g., since most EMF are unable to utilize 
sucrose (Parrent et al. 2009), plant invertases cleave 
the polysaccharide into glucose (the primary carbon 
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source for fungi) and fructose (Martin et al. 2008, 
Plett and Martin 2011). Fungi absorb the glucose via 
hexose transporters and in exchange release nutrients 
into the root apoplast (López et al. 2008, Plett and 
Martin 2011). 
In boreal forests, only a few tree species support a 
huge diversity of soil microbes including thousands 
of EMF species (Trappe 1977, Allen et al. 1995, Wardle 
et al. 2004), some of which occupy an ecological niche 
that is partly shared with saprotrophic fungi (Read 
and Perez-Moreno 2003, Lindahl et al. 2007). EMF are 
a critical component of the soil ecosystem and their 
extraradical mycelium can comprise up to one third 
of the microbial biomass in coniferous forest soils 
(Wallander et al. 2001, Högberg and Högberg 2002, 
Cairney 2012). Furthermore, 25% of the dry weight of 
ectomycorrhizal short roots in Norway spruce is 
fungal biomass (Dahlberg et al. 1997, Stögmann et al. 
2013). It has been suggested that the EMF biomass in 
spruce forests exceeds 300 kg per hectare (Dahlberg et 
al. 1997, Stögmann et al. 2013). 
EMF communities associated with Norway spruce 
in natural settings are typically dominated by a few 
common species that show high within-site 
variability and a large number of rare species (Peter et 
al. 2001, Korkama et al. 2006). The dominant species 
in spruce forests are often basidiomycetous EMF 
belonging to Atheliaceae and Thelephoraceae families, 
where only 3–4 taxa typically colonise more than half 
of the short roots available (Taylor et al. 2000, Peter et 
al. 2001, Korkama et al. 2006). 
Plant-fungal symbiosis is an essential component 
of land plant evolution. Pinaceae is the oldest plant 
family forming ectomycorrhizal connections and 
evidence of this symbiosis can be found more than 
130 Ma, suggesting a long period of co-evolution 
during which highly specific co-adaptations may have 
occurred (Berbee and Taylor 1993, Hibbett and 
Matheny 2009). Ectomycorrhizal symbiosis seems to 
have evolved independently in several saprotrophic 
fungal lineages and thus has a polyphyletic origin 
(Hibbett et al. 2000). Selective pressure has 
presumably favoured the formation of mycorrhizas, 
reduced or arrested defensive responses by the host 
plant to microbial infection, and allowed the 
development of physiological interactions between 
mutualistic species (Johnson et al. 1997).
1.2.2 Mycophyllas 
While mycorrhizal interactions are an important 
component of nutrient cycling below ground, 
mutualistic interactions also take place above ground 
between aerial plant tissues and endophytic fungi in 
mycophylla (Lewis 1987, Clay 1988, Sieber 2007). 
Mycophyllas are a fundamental but commonly 
overlooked association of land plants, where a 
heterogeneous assemblage of fungi including 
mutualists, latent pathogens, parasites and saprobes 
can be found (Carroll 1988, Petrini et al. 1993, 
Saikkonen et al. 1998, Müller et al. 2001, Osono 2006, 
Korkama-Rajala et al. 2008, Promputtha et al. 2010). 
Mutualistic endophytes may provide advantages to 
their hosts by producing chemicals providing 
protection against insect predators and microbial 
pathogens (Carrol 1988, Ganley et al. 2008, Estrada et 
al. 2013). Some endophytes are potentially parasitic 
and may become pathogenic at some point in their 
life cycle if conditions for the host become 
unfavourable (Sieber 2007). Other endophytic fungi 
are latent pathogens that only elicit symptoms of 
disease after a considerable amount of time (Gordon 
and Leveau 2010). 
Mycophylla communities are diverse but only a 
few fungi are believed to dominate on a given host 
tree (Hata and Futai 1996, Sieber 2007). Fungal 
endophytes of woody plants are horizontally 
transmitted to new hosts via spores (Petrini 1991). 
Fungal endophytes typically occupy only a few 
epidermal cells (Carroll 1986, Suske and Acker 1987, 
1989), and the infection rate and distribution on a 
particular organ depend on the initial inoculum as 
well as microclimate (Carroll and Carroll 1978, 
Deckert and Peterson 2000). Norway spruce needles 
are inhabited by foliar endophytes during their 
growth and development. Lophodermium piceae 
(Fuckel) Höhn. is one of the most common 
endophytic fungi on Norway spruce needles. It 
typically infects more than half of healthy needles 
and is considered to be harmless to its host (Barklund 
1987, Sieber 1989, Livsey 1995, Müller et al. 2001, 
Korkama-Rajala et al. 2008). 
Fungal endophytes belong to the phyla Ascomycota 
and Basidiomycota, and can be divided into four 
functional classes (Petrini et al. 1993, Rodriguez et al. 
2009) in two categories. Clavicipitaceous 
endophytes (Class 1) comprise the fungal endophytes 
of grasses while the other three classes are 
nonclavicipitaceous endophytes that have a broad 
host range and can infect conifers (Rodriguez et al. 
2009). Class 2 endophytes are members of the 
Dikarya that can colonize both below- and 
aboveground tissues and affect the ecophysiology of 
the host by triggering an immune response. Class 3 
endophytes colonize primarily or exclusively 
aboveground tissues such as flowers, leaves and bark 
by airborne spores, and include the common 
Leotiomycetes endophytes of coniferous trees (Arnold 
and Lutzoni 2007). Class 4 is composed of 
ascomycetous fungi that colonize root tissues 
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particularly of woody plants and are otherwise 
known as the dark septate endophytes (DSE) 
(Jumpponen and Trappe 1998). DSE fungi share their 
niche with mycorrhizal fungi (Wagg et al. 2008), and 
thus abundances and effects of DSE and EMF on 
roots interact and may offset each other (Reininger 
and Sieber 2012). 
1.2.3 Pathogenic fungi 
Fungi are major plant pathogens that attack all plant 
parts and tissues (Campbell 1985). Pathogenic fungi 
draw nutrition from their host and cause disease 
soon after infection (Bonfante and Genre 2010). 
Fungal pathogens of coniferous trees penetrate the 
outer layers of defence through needle stomata and 
wounds caused by biotic and abiotic factors, such as 
bark beetles, frost damage or human-induced 
mechanical injuries (Kurkela 1994, Woodward et al. 
1998). Fungal pathogens of trees are typically divided 
into three categories based on their nutritional 
strategies – biotrophs gain nutrients trough 
haustoria from living host cells, necrotrophs from 
dead tissue, and vascular wilts feed on xylem sap 
sugars (Deacon 1997, Veneault-Fourrey and Martin 
2011). In the nursery, Norway spruce seedlings are 
susceptible to grey mould (Botrytis cinerea Pers. (Fr.)), 
brown felt blight (Herpotrichia juniperi (Sacc.) Petr.), 
Sirococcus blight (Sirococcus conigenus (Pers.) Cannon 
& Minter), spruce snow blight (Lophophacidium 
hyperboreum Lagerb.) and other pathogenic fungi 
from Rhizoctonia, Fusarium and Alternaria genera 
(Kurkela 1994, Lilja and Sutherland 2000, Poteri 
2008). The most important fungal pathogens of adult 
Norway spruce are the white rot fungi Heterobasidion 
annosum (Fr.) Bref. sensu lato (Woodward et al. 1998) 
and Armillaria sp. (Stenlid and Westerlund 1986) 
which cause root and butt rot, along with the wound 
rot fungus Stereum sanguinolentum (Alb. &Schwein 
(Fr.)) (Vasiliuskas and Stenlid 1998). At high latitudes, 
epidemics of spruce needle rust (Chrysomyxa ledi 
(Alb. & Schwein) de Bary) can occur repeatedly and 
reduce spruce growth (Kurkela 1994).
1.3 Genetic control of susceptibility 
to fungal infection and defence 
The physiological boundaries between symbionts, 
saprobes, and pathogens are blurred. Differences 
among these classes lie in the nutritional strategies of 
the fungi involved, and there are similarities in the 
strategies they employ to avoid detection by the host 
(Veneault-Fourrey and Martin 2011). Fungi belonging 
to different categories are known to interact with 
each other (Zak 1964, Marx 1969, 1972), and certain 
species of EMF can protect Norway spruce seedlings 
against common phytopathogens (Perrin and 
Garbaye 1983, Sampangi et al. 1985, Duchesne 1994). 
Furthermore, inoculation of Norway spruce roots 
with mycorrhiza helper bacteria (e.g., Streptomyces sp. 
Waksman & Henrici) can increase host resistance to 
common grey mould B. cinerea (Lehr et al. 2007). 
Endophytes may also influence their hosts through 
indirect effects on other symbionts. In grasses, foliar 
fungal endophytes can inhibit the colonization of 
arbuscular mycorrhiza (Chu-Chou et al. 1992, Guo et 
al. 1992, Mack and Rudgers 2008). Moreover, genes 
that activate during the formation of 
ectomycorrhizas have been linked with genes that 
activate in response to infection of leaf tissues by 
pathogenic fungi in poplar (Tagu et al. 2005). There 
may also be a systemic acquired resistance achieved 
by host plants following interaction with microbes 
and insects (Bonello et al. 2006).
In the present context, ‘susceptibility’ refers to all 
plant-microbe interactions be they positive or 
negative. All plant-fungus interactions begin with an 
infection via transmission of spores or contact 
between hyphal tissue and epidermal cells of the host 
plant (Knogge 1996). In order to be infective, fungi 
must penetrate the outer cuticle or bark and most do 
this via wounds or insect vectors (Knogge 1996, 
Pearce 1996). 
The symbiotic interaction between EMF and its 
host is believed to employ complex signalling (Plett 
and Martin 2011) since no single symbiosis specific 
genes have yet be found (Duplessis et al. 2005, Tarkka 
et al. 2013). The system may be brought about 
through the pleiotropic effects of one or more 
essential genes expressed during ectomycorrhiza 
formation and which are involved in defence, stress 
and cell wall modification (Duplessis et al. 2005, 
Adomas et al. 2008, Heller et al. 2008, Nagy and 
Fossdal 2013). Plant hormones such as ethylene and 
auxin have shown to play central role in the 
regulation of ectomycorrhizal symbiosis (Karabaghli-
Degron et al. 1998, Tarkka et al. 2013, Plett et al. 2014). 
Putative signalling pathways may also be regulated 
by tyrosine kinases, small proteins secreted in 
response to the formation of mycorrhiza, or small 
proteins secreted by the host plant that are essential 
for the establishment of symbiosis and control of 
fungal infection in the root tissues (Martin et al. 
2008, Plett and Martin 2011, Vieira et al. 2012). During 
the formation of mycorrhizas, the production of 
putatively antifungal phenolics is reduced in seedling 
root tissues (Münzenbergen et al. 1990). 
Evergreen conifers such as Norway spruce primary 
rely on constitutive defence (Fossdal et al. 2012). The 
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constitutive defence relies on cuticular waxes and 
other secondary compounds providing chemical 
strength (e.g., resins, phenols) or mechanical 
durability (e.g., schlereids, fibers) which are present in 
the tissue prior to any attack and produced by the 
host according to a genetic program. The bark and 
secondary phloem of Norway spruce contains heavily 
lignified cells, storage cells of toxic phenols and resin 
ducts (Lewinsohn et al. 1991, Pearce 1996, Martin et al. 
2002, Schmidt et al. 2011) that form the main barriers 
against abiotic and biotic stressors. Norway spruce 
can also release phenolic compounds accumulated in 
phloem cells as part of an induced defence (Krokene 
et al. 2001, Nagy et al. 2004, Swedjemark et al. 2007). 
Intraspecific variation in the concentration of 
important defence compounds such as condensed 
tannins and flavonoids has been explained in terms 
of host-plant genotype (Mansfield et al. 1999, 
Lamhamedi et al. 2000, Evensen et al. 2000, 
Schweizer et al. 2008, Henery 2008). 
Strict host specificity among endophytic fungi 
seems to be rare, and closely-related tree species 
typically have the same suite of endophytic fungi 
(Petrini 1986, Hata and Futai 1996). Host specificity of 
mycorrhizal interactions appears to operate at the 
generic level, i.e., a genus of EMF is specific to a genus 
of host tree (Newton and Haigh 1998, Massicotte et al. 
1999, Ishida et al. 2007, Murata et al. 2013), although 
many examples of genus–species and species–species 
specificity exist (Molina et al. 1992). Many of the EMF 
genera typically detected in the early stages of 
succession are host generalists (Dickie et al. 2013). 
Similar to endophytic fungi, closely-related hosts are 
more likely to share EMF species and possess similar 
fungal communities than phylogenetically more 
distant hosts (Tedersoo et al. 2013). Although EMF 
communities associated with the roots of coniferous 
and deciduous host trees can be discriminated in the 
same site (Kernaghan et al. 2003), considerable 
intraspecific variation in the fungal species 
inhabiting mycophyllas and ectomycorrhizas has 
been reported at a similar scale (Gehring et al. 1998, 
Deckert and Peterson 2000, Peter et al. 2001, Korkama 
et al. 2006). Genetic variation among of a given tree 
species has been suggested as the basis of spatial 
patchiness observed in the microbial biodiversity of 
boreal soils (Korkama et al. 2007a). 
1.3.1 Broad-sense heritability
Estimates of heritability measure the share of 
phenotypic variation that has a genetic basis. There 
are two types of heritability estimates: 1. broad-sense 
estimates reflect all the genetic contributions to 
phenotypic variance in a population, and; 2. narrow-
sense estimates represent only the additive genetic 
portion (Einspahn et al. 1963, Zuffa 1975, White et al. 
2007). Estimates of heritability operate on the 
variation exhibited by a particular trait within a 
population. As an example, the number of fingers on 
a human hand has a heritability value close to zero 
due to the lack of variation observed for this 
genetically-controlled trait. Broad-sense heritability is 
commonly used in commercial forestry to predict the 
genetic gain from clonal selection experiments 
(White et al. 2007). 
Several authors (e.g., Todd 1988, Saikkonen et al. 
2003, Tagu et al. 2001, 2005) have suggested that the 
formation of ectomycorrhizas and mycophyllas is 
regulated by the host, and a genetic influence on the 
structure of EMF communities has been observed in 
various tree species (Tagu et al. 2001, 2005, Ishida et al. 
2007, Tedersoo et al. 2008, Leski et al. 2010, Ding et al. 
2011) including Norway spruce (Gehring et al. 2006, 
Korkama et al. 2006). Over 40 years ago, Marx and 
Bryan (1971) showed that the genotype of Pinus 
elliottii (Engelm.) affects mycorrhiza formation, and 
the first broad-sense heritability estimates (H2=0.23) of 
P. elliottii ectomycorrhizal colonization with 
Pisolithus tinctorius (Pers.) Coker & Couch were 
presented by Rosado et al. (1994b). Although 
significant host effects have been observed on the 
colonization of poplar micro-cuttings by Laccaria 
bicolor (Maire) Orton (Tagu et al. 2001), no host effect 
has been found with respect to Thelephora terrestris 
(Fr.) Ehrh. on Pinus sylvestris (L.) and P. elliottii (Marx 
and Bryan 1971, Leski et al. 2010). Studies of both 
broadleaf and coniferous trees have shown that the 
infection rate for a given endophyte depends on 
maternal genotype of the host (Todd 1988, Ahlholm 
et al. 2002, Elamo et al. 1999, Saikkonen et al. 2003).
 
1.4 In search of the link between the growth 
of Norway spruce and the diversity of 
symbiotic fungi
In an environment of limited resources, such as a 
boreal forest, trade-offs among growth, maintenance, 
reproduction and defence are likely to occur since 
not all of the requirements to support these 
physiological processes can be met simultaneously 
(Herms and Mattson 1992). In terms of soil ecology, 
the intraspecific variation of trees is important and 
can partly explain the high diversity and spatial 
patchiness of soil microbes found in monospecific 
forest stands typical of the boreal region (Pennanen 
et al. 1999, Korkama et al. 2007a, b). Mycorrhizal 
fungi are important for ecosystem biodiversity and 
functioning as they are believed to influence plant 
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diversity and productivity (van der Heijden et al. 
2008). Nutrient mobilization driven by fungal 
extracellular enzymes is important at the ecosystem 
level (Bending and Read 1997), and resource (e.g., 
nitrogen) acquisition patterns of EMF species are 
known to vary considerably (Jones et al. 2009, 
Tedersoo et al. 2012). Hence, a higher EMF diversity 
may mean a more diverse nutrient supply to the host 
tree and greater functionality of the symbiotic 
relationship (Cairney 1999). However, no direct link 
has been demonstrated between microbial diversity 
and community function, and the long-term 
operation of ecosystems is dependent on specific 
processes (e.g., nutrient mineralization and primary 
production) rather than microbial diversity per se 
(Bengtsson 1998, Coleman and Whitman 2005, Pena 
and Polle 2014). 
The means by which trees establish and utilize an 
optimal community of associated fungi is 
incompletely understood and intriguing given the 
lack of host specificity shown by many fungal species 
(Petrini 1986, Horton and Bruns 1998). Many studies 
have addressed the relationship between tree 
productivity and taxonomic diversity of EMF fungi, 
but the results have been context dependent (Jonsson 
et al. 2001, Baxter and Dighton 2001, 2005, Kipfer et al. 
2012). In a field trial of Norway spruce, the fast-
growing clones supported a higher EMF diversity in 
their root systems than the slow-growing clones 
(Korkama et al. 2006). The fast-growing clones were 
also associated with EMF producing dense outer 
mycelia (e.g. Atheliaceae) (Korkama et al. 2007b). 
Furthermore, the needles of fast-growing clones had 
low diversity communities of saprobic endophytes 
that were dominated by Lophodermium piceae 
(Korkama-Rajala et al. 2008). Spruce genotype also 
affected the overall community structure of soil 
microbes (Korkama et al. 2007a), and gram-positive 
bacteria were more common in the rhizospheres of 
fast-growing clones and gram-negative of slow-
growing ones (Korkama et al. 2007b). The fungal 
infections seemed to be connected with host 
performance but results offered only correlative 
support for a link between tree growth and fungal 
diversity. Given these results, it is not possible to say if 
the growth performance of Norway spruce is 
determined by the ability of a tree genotype to draw 
optimal combination of fungal partners from the 
pool of possible symbionts. Therefore the relationship 
between host tree growth, fungal infection rate, and 
functional response of Norway spruce to associated 
microbes should be addressed. 
Growth rate is one of the key indicators of plant 
fitness. Selective tree breeding for commercial 
forestry in Finland is based on progeny tests 
performed over several generations (Lee 1993). Any 
method that could improve the accuracy of early 
selection to forest tree breeding would offer great 
economic and practical benefits. In order to develop 
such a method, we require an investigation of the 
genetic and environmental (i.e., microbial) factors, 
and their interaction, that influence growth in early 
life stages. It is important to understand the 
relationship between growth rate and EMF diversity 
in order to reveal the mechanism by which fungal 
species richness affects forest productivity.
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The goal of this thesis is to determine the extent to 
which the initiation of symbiosis and the eventual 
structure and functionality of associated fungal 
communities are regulated by Norway spruce, and 
how these variables relate to host-tree growth. Firstly, 
the degree to which a host tree can influence the 
formation of ectomycorrhizas (I) and mycophyllas 
(II), and whether the above-and below-ground fungi 
interact, are determined. Secondly, by using Norway 
spruce seedlings with different long-term growth 
rates, the relationship between growth performance 
and EMF infection and eventual structure and 
function of ectomycorrhizal communities (III) is 
examined. Thirdly, the susceptibility to foliar fungal 
pathogens and the effect of subsequent foliar 
infections on colonization of EMF (IV) is studied in 
seedlings of fast and slow long-term growth 
performance. 
HYPOTHESES:
1.  In Norway spruce, host-tree genotype regulates the 
formation of fungal associations in needle and root 
tissues
 a.  The susceptibility to EMF infection is heritable (I)
 b.  The susceptibility to fungal needle endophyte 
infections is heritable (II)
2.  The growth performance of Norway spruce 
seedlings is associated with the susceptibility to 
fungal infection and eventual structure of the EMF 
community 
 a.  Fast-growing seedlings are more susceptible to 
EMF infection and develop a higher diversity of 
fungal symbionts compared with the slow-
growing seedlings (III, IV)
 b.  Fast-growing origins are more susceptible to 
foliar fungal pathogens (IV)
3.  The growth performance of Norway spruce 
seedlings is associated with the function of the EMF 
community 
 a.  Single ectomycorrhizas of fast-growing seedlings 
have higher potential exoenzyme activities than 
slow-growing seedlings (III)
4.  Above- and below-ground fungal communities 
interact within a Norway spruce host tree
 a.  Species diversity within the mycophyllas and 
ectomycorrhizas of Norway spruce are inversely 
related within a genotype (I, II)
 b.  Systemic defence reactions triggered by foliar 
fungal pathogens will reduce ectomycorrhizal 
diversity in root tissues (IV)
2. OBJECTIVES AND HYPOTHESES
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Detailed descriptions of the materials, methods and 
analyses can be found in the material and methods 
section of each publication (I–IV). Fungal material 
and all methods used in the doctoral thesis are 
summarized in Table 2. 
3.1 Heritability of fungal communities of 
Norway spruce cuttings (I, II)
The plant material used for the heritability 
experiments (I, II) consisted of clonal Norway spruce 
cuttings from 55 unrelated ortets representing second 
generation tree breeding material from southern 
Finland. Norway spruce cuttings were rooted on 
Sphagnum peat in the greenhouse under high 
irrigation. In early summer, after a three-month 
rooting period, cuttings were transplanted into 
container cells in 25 blocks by randomizing each 
clone in three containers. Half of the rooted clonal 
cuttings were inoculated with a mixture of vegetative 
mycelia of five EMF (Table 2). An additional 
inoculation was carried out in early autumn with 
vegetative mycelia of five EMF grown in liquid 
culture. Each cutting received a total N load of 10 mg 
over the growing season.
3.1.1 Broad-sense heritability of ectomycorrhizas (I)
Twelve (six EMF inoculated and six control) Norway 
spruce cuttings from 55 clones were sampled in late 
autumn to study the heritability of EMF colonization 
and community structure (I). At the time of 
sampling, cuttings had been growing for nine 
months in greenhouse. The remaining cuttings were 
moved to an open nursery field to winter under 
natural snow cover and remained there for the 
second season.
EMF colonization, EMF morphotypes and short-
root density (tips/mm) were determined under a 
dissecting microscope from a subsample of roots. 
Short-root density was assessed as the number of root 
tips per mm of lateral root by dividing the number of 
short roots with the total length of selected root 
pieces.
Morphotyping and sequence analysis were used to 
estimate EMF species richness on cutting roots. A 
direct polymerase chain reaction (PCR) amplification 
procedure was developed and used to amplify fungal 
specific fragments of DNA without DNA extraction. 
PCR amplicons of the whole internal transcribed 
spacer (ITS) region 1 and 2 of ribosomal DNA 
(deoxyribonuclease) were exposed to a restriction 
enzyme digest and compared to known species 
restriction profiles. EMF species colonizing the 
uninoculated cuttings were identified by comparing 
ITS1 sequences against those in UNITE (http://unite.
ut.ee /) and NCBI GenBank (http://www.ncbi.nlm.
nih.gov / genbank /) databases. These amplicons were 
generated with PCR amplification, denaturing 
gradient gel electrophoresis (DGGE) and Sanger 
sequencing of the ITS1 region. Needle N content of 
three inoculated and three uninoculated cuttings was 
determined with a CHN analyser.
3.1.2 Broad-sense heritability of mycophyllas (II)
In late autumn, 20 months after initial rooting, 
apparently healthy needles of age class 2 were 
sampled from five inoculated cuttings of 30 Norway 
spruce clones (II). Cuttings had been growing for the 
second season in an open nursery field located 200 
meters away from the edge of a mature Norway 
spruce forest. Needle biomass was determined as the 
fresh weight of 25 needles per cutting, and needle 
length by measuring five needles per cutting. Needle 
surface area was calculated from image analysis of 
scanned needle projections.
Molecular identification of fungal needle 
endophytes was based on comparing ITS1 sequences 
against those in UNITE and GenBank databases. 
Total DNA was extracted from fresh surface-sterilized 
needles excluding the base of each needle. Fungal 
endophyte biomass was estimated through 
quantitative PCR (qPCR) amplification compared 
against a Lophodermium picea standard. qPCR 
products were used as template for verification of the 
fungal species of mycophyllas with PCR 
amplification, DGGE electrophoresis and Sanger 
sequencing of the ITS1 region of rDNA. 
3. MATERIAL AND METHODS
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3.2 Functions of EMF diversity on seedlings 
of fast- and slow-growing phenotypes (III)
Norway spruce seedlings representing three fast- and 
three slow-growing seed orchard families were 
subjected to an EMF richness gradient (III). 
Classification as fast- or slow-growing seedlings was 
based on growth performance after 14 years of these 
spruce families in multiple long term field trials. 
Seedlings were grown in Sphagnum peat and 
exposed to 12 treatments; 11 fungal inoculations of 
single, pairwise or a combination of four EMF (Table 
2), and one that received no inoculum, i.e., a control 
treatment. EMF inoculum was spread from four 
donor seedlings planted in the same pots as the six-
week-old recipient seedlings to guarantee live mycelia 
of all strains in the experiment. A total of 288 
seedling pots including four replicate pots per 
treatment were established and grown for one year in 
the greenhouse. Each seedling received a total N and 
P load of 5 mg and 2 mg, respectively.
One-year-old seedlings were sampled during late 
spring a month after budburst when heavily 
colonized with EMF and before any systematic 
differences in aboveground growth could be 
observed. EMF colonization was determined by 
morphotyping approximately 200 root tips per 
seedling, randomly selected. Short-root density (tips/
mm) was assessed as the number of root tips per mm 
of lateral root. The total number of short roots per 
seedling was estimated by extrapolating the number 
of root tips in the analysed subsample as a function of 
total root biomass. Three replicate seedlings were 
randomly selected from each seed family in each 
treatment and subjected to needle N analysis with a 
CHN-analyser and a multi-enzymatic assay.
The multi-enzyme assay measured the potential 
activity of eight hydrolytic and oxidative exoenzymes: 
laccase, b-glucuronidase, b-xylosidase, 
cellobiohydrolase, b-glucosidase, 
N-acetylglucosamide acid phosphatase and leucine 
aminopeptidase. Five to seven short roots 
representing each fungal strain inhabiting each 
seedling were removed and immediately placed in 
incubation buffer on a 96-well filter plate. Finally, the 
sampled short roots were scanned to estimate surface 
area and subjected to a molecular analysis to verify 
the colonizing EMF.
In order to verify identifications based on 
morphotyping, direct PCR amplification and 
fingerprinting of specific restriction profiles of ITS2 
region amplicons was performed. In cases where 
fingerprinting could not discriminate species, DGGE 
electrophoresis combined with Sanger sequencing of 
ITS1 region was employed to generate sequences for 
comparison with references in UNITE and GenBank 
databases.
3.3 Effects of foliar pathogens on EMF 
associations of seedlings of fast- and slow-
growing phenotypes (IV)
Norway spruce seedlings of seven seed orchard 
families were germinated in spring on Sphagnum 
peat. Seedlings represented three fast- and three slow-
growing families (III, IV), and the seventh family is 
used for forest regeneration in southern Finland. Six-
week-old seedlings were inoculated with sieved forest 
humus as a source of EMF. During the growing 
season, seedlings were challenged three times with 
the foliar pathogens Botrytis cinerea and Gibberella 
avenacea (Cook) (IV). The third foliar treatment was a 
water-only control. In autumn, roots received a 
second inoculation with sieved forest humus at the 
same time as a third foliar inoculation. Each seedling 
received a fertilisation of approximately 10 mg N.
Having received three foliar treatments, seven 
replicate seedlings from seven origins were sampled 
after seven months of growth. The remaining 
seedlings were left to overwinter outdoors under 
natural snow cover in the nursery field. Severity of 
the foliar infection was determined by counting the 
number of damaged needles per seedling. We also 
measured the concentration of condensed tannins 
(proanthocyanidins) in needles to evaluate plant 
response to infection.
EMF colonisation and the number and density 
(tips/mm) of short roots were counted under a 
dissecting microscope. Short-root density was 
assessed as the number of root tips per mm of lateral 
root. 
Identification of EMF communities and the fungal 
species causing the needle necrosis were based on ITS 
sequence comparisons with reference sequences in 
UNITE and GenBank databases. DNA was extracted 
from a randomised bulk sample of fine root 
fragments and damaged needles.
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TABLE 2 SUMMARY OF THE FUNGAL STRAINS AND METHODS USED IN THE STUDIES (I–V)
FUNGAL STRAINS Article
Laccaria sp., isolate F-NC02 I, II
Piloderma sp., isolate R-SP02 I, II, III
Amphinema byssoides (Pers.) J. Erikss., isolate R-NC03 I, II
Paxillus involutus (Batsch) Fr., isolate F-SS02 I, II
Cadophora finlandica (C.J.K. Wang & H.E. Wilcox) T.C. Harr. & McNew [as ‘finlandia’], isolate ARON3669.S I, II
Hebeloma sp., isolate F-NB01 III
Tylospora asterophora (Bonord.) Donk, isolate R-NC01 III
Wilcoxina sp., isolate 706 III
Botrytis cinerea (Pers.), isolate BcSjk1.1 IV
Gibberella avenacea (Cook), isolate Pielavesi nursery IV
METHODS
Cultivation of ectomycorrhizal and pathogenic fungal species and inoculum preparation I, III, IV
Denaturing gradient gel electrophoresis (DGGE) II, III, IV
Direct polymerase chain reaction (PCR) I, II, III
Deoxyribonucleic acid (DNA) extraction II, IV
Inoculation with fungal spores or vegetative hypha I–IV
Gross morphotyping under dissecting microscope I, III, IV
Multienzyme assay for enzyme activity profiling III
Polymerase chain reaction (PCR) of the internal transcribed spacer (ITS) region of ribosomal DNA I–IV
Proanthocyanidin assay (condensed tannins) IV
Quantitative real-time polymerase chain reaction (qPCR) II
Sanger sequencing (Macrogen Europe) and sequence analysis I–IV
Scanning needle projections II
Surface sterilization II
Synergel electrophoresis of enzymatically restricted DNA-fragments I, III
Total carbon and nitrogen in needles measured by CHN-analyser I, III
Analysis of variance (ANOVA) II, IV
Correlation statistics I–IV
General and generalized mixed models for non-independent samples I, III, IV
Linear models and general linear models II
Multivariate analysis of variance (MANOVA) I, II, III
Non-metric multidimensional scaling (NMDS), ordination analysis of multivariate data I, II, IV
Pairwise t-test III
Permutational multivariate analysis of variance III, IV
Principal components analysis (PCA), ordination analysis of multivariate data I
Variance component estimation with REML algorithm I, II
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Answers to the main questions stemming from our 
initial hypotheses and the most important findings of 
this thesis are summarized in Table 3. Detailed results 
with the related discussion can be found in the 
individual chapters (I–IV). The following section 
serves to highlight and briefly discuss the main 
results from each chapter.
4.1 Effect of host genotype on fungal 
communities of ectomycorrhizas and 
mycophyllas of Norway spruce cuttings
Host genotypes explained approximately 25% of the 
variation in fungal community composition of 
ectomycorrhizas (I) and mycophyllas (II) of Norway 
spruce. In concert with multiple earlier studies (Marx 
and Bryan 1971, Kleinschmidt and Smidht 1977, Todd 
1988, Elamo et al. 1999, Ahlholm et al. 2002, 
Saikkonen et al. 2003, Gehring et al. 2006, Korkama et 
al. 2006), these findings support the hypothesis that 
Norway spruce regulates and shapes its fungal 
associations. Our experiments are the first (I, II) that 
directly examine the genetic effect of the host on the 
composition of associated fungal communities in 
young Norway spruce. 
The proportion of colonizing EMF and its species 
richness were partly regulated by the host tree 
genotype (I), but EMF community structure varied 
between genotypes mostly in terms of relative 
abundance rather than species richness (I). Other 
studies have reported moderate host effects on the 
EMF community structure of trees (Ishida et al. 2007, 
Ding et al. 2011). Laccaria sp. was the most effective 
colonizer (I) and the heritability estimate for its 
TABLE 3  SCHEMATIC OVERVIEW OF THE ANSWERS TO THE MAIN QUESTIONS  
AND THE FINDINGS OF THIS THESIS
1.  Is the host regulating the fungal commu-
nity in mycophyllas and ectomycorrhizas? 
And are these communities heritable?
Yes and no. While host genotype explained 25% of the variation in 
fungal communities (I, II), heritability estimates for fungal communi-
ties were very low (I, II).
2.  Is the long-term growth of Norway 
spruce seedlings connected to the sus-
ceptibility to fungal infection during early 
life stages? 
No. The fast- and slow-growing seedlings were equally infected by all 
EMF species and foliar fungal pathogens in inoculums supplied at ear-
ly life stages (III, IV). EMF community diversity showed no differences 
between fast- and slow-growing seedlings (III).
3.  Is the long-term growth of Norway 
spruce seedlings connected to the func-
tionality of ectomycorrhizas?
No. The ectomycorrhizas of fast-growing origins did not show higher 
potential exoenzyme activity than that of slow-growing origins when 
colonized by the same fungal species (III). EMF species differed large-
ly in their potential exoenzyme capacity (III).
4.  Is there communication between the 
above- and below-ground fungal commu-
nities associated with Norway spruce?
Yes and no. While a weak negative correlation was found between the 
fungal endophyte abundance and EMF species richness (II), but foliar 
pathogens did not affect susceptibility to EMF (IV).
Main findings The short-root density was moderately heritable; H 2 =0.41  (I).
Seedling root structure was consistently different between seedlings 
of fast-and slow-growing Norway spruce origins: the slow-grow-
ing seedlings had more short roots and denser root systems than 
fast-growing ones (III, IV).
The total amount of active short roots and EMF community composi-
tion greatly affected the potential enzyme production of the seedlings 
(III). EMF species richness increased the host nutrient acquisition 
potential by diversifying the exoenzyme palette (III).  
Below-ground resource allocation was higher in the seedlings of 
fast-growing families compared with the slow-growing ones (III, IV).
4. RESULTS AND DISCUSSION
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colonization % (H2=0.11) was in line with estimates 
reported for slash pine (Pinus elliottii Engelm. var. 
elliottii) and poplars (Populus deltoides Bartram ex 
Marshall and Populus trichocarpa Torr. & Gray ex 
Hook) (Rosado et al. 1994b, Tagu et al. 2005) in single 
inoculum experiments. However, this value is in 
conflict with much higher estimates reported from 
the hybrid poplar P. deltoides x P. trichocarpa (Tagu et 
al. 2001, Courty et al. 2011). 
Both genotypic and environmental factors shaped 
the fungal communities of Norway spruce needles 
(II). Host-tree genotype accounted for a significant 
portion of the variation in community composition 
and biomass of needle endophytes in Norway spruce 
cuttings, but was not related to species richness (II) 
which depended more on the location of the cutting. 
Needle size was an important factor shaping the 
fungal community of mycophyllas; samples with 
many small needles and thus a larger epidermal 
surface were associated with higher endophyte 
richness (II), an observation that fits well with a 
model of infection based on airborne spores (Carroll 
1986, Suske and Acker 1987, 1989). Based on these 
findings, it is likely that environmental influences on 
mycophyllas are mediated via the quality and 
quantity of the fungal sporal load. Similar to earlier 
studies of Pinus and Quercus seedlings growing in 
forest nurseries (Martin-Pinto et al. 2004), the 
dominant fungal species in Norway spruce 
mycophyllas were Phoma herbarum Westend, 
Alternaria alternata (Fr.) Keissl., Lophodermium piceae 
and fungi belonging to Capnodiales (II). 
A larger needle surface area does not necessarily 
mean that the total epidermal area of whole ramets 
or trees would be larger, and due to sampling 
restrictions we were not able to determine the fungal 
diversity of all needles on a cutting. Furthermore, 
OTU richness based on DGGE provides a low-
resolution estimate of fungal richness due to a bias 
introduced by pooling samples, DNA extraction and 
PCR amplification and DGGE techniques (Avis et al. 
2010, Amend et al. 2010). Thus, it is likely that we may 
have an incomplete representation of species richness 
in mycophylla communities (II). Nevertheless, our 
analyses revealed several undescribed fungal species 
not detected by earlier investigators reliant on 
isolation culture techniques. By using high-
throughput sequencing (Buée et al. 2009), we may 
have recovered a higher and perhaps more accurate 
estimate of fungal richness. Given that current 
amplicon sequencing methods rely on PCR 
amplification, the sequence data can be biased 
(Amend et al. 2010).
We found no heritability for fungal community 
structure in Norway spruce (I, II). Broad-sense 
heritability estimates for fungal communities of 
needle mycophyllas (H2=0.035) and ectomycorrhizas 
(H2=0.04) were low, and were not significantly 
different from zero (I, II). All genotypes of the spruce 
population we studied shared a dominant fungal 
species (I, II), and the within-genotype variation was 
similar to between-genotype variation leading to 
large standard errors. Hence, it cannot be excluded 
that some heritability of fungal communities could 
exist for Norway spruce. We used the Bray-Curtis 
(Bray and Curtis 1957) distance to convert the 
multivariate data to a single index of variation 
observed among the fungal communities. This step 
might account for the loss of power for the genotype 
effect, given that it explained 25% of the variation in 
the multivariate dataset. 
4.2 Fungal effects on root architecture and 
growth of Norway spruce cuttings
Short roots represent the site of interaction between 
EMF and the host tree, and their formation was 
found to be moderately heritable (H 2 =0.41) (I). Short-
root tissues contain high concentrations of nitrogen 
and their maintenance is expensive compared to 
thick lateral roots due to their higher respiration rate 
(Pregitzer et al. 1997, Pregitzer 2002). However, trees 
can increase their root surface-area for a given 
amount of carbon by producing mainly short roots 
(Ostonen et al. 2007). Norway spruce families with 
different growth rates are known to vary in their root 
architecture (Boukcim and Plassard 2003) and we 
found consistent differences in short-root densities 
(III, IV) between seedlings of fast- and slow-growing 
families in long-term field trials. However, in contrast 
to the results based on two open-pollinated families 
(Boukcim and Plassard 2003), our research (III, IV) 
found short-root densities to be higher in slow-
growing seedlings than in fast-growing ones when 
seedlings were still the same size (III, IV). 
EMF species richness had a variable effect on plant 
growth but ectomycorrhizal colonization increased 
the mean short-root density of Norway spruce 
cuttings (I). Infection with Wilcoxina sp. was 
associated with increased shoot length and Piloderma 
sp. with decreasing shoot:root ratio and a lower short-
root density of seedlings (III). Increasing EMF 
colonization did not affect root dry weight, but it was 
associated with fewer short roots in whole-root 
systems, especially when colonized by fungi 
belonging to family Atheliaceae (III). Moreover, short-
root density had no clear relationship with EMF 
richness since fungal effects on root growth were 
highly species-specific and host dependent (I, III). We 
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have also noted a significant increase in lateral root 
growth and short-root production of Norway spruce 
cuttings inoculated with Wilcoxina sp. (Vesala, 
Velmala, Vuorinen, Rajala, Pöykkö, Pennanen 
unpublished). Moreover, a small subset of Norway 
spruce clones (I) was characterized by a high short-
root density and the highest EMF richness (I). Due to 
high within-clone variability of EMF richness, this 
trend was not statistically significant. 
Our findings (III, IV) show species-specific effects 
of fungi on seedling growth and indicate differing 
strategies of resource allocation between the fast-and 
slow-growing spruce families: A higher rate of EMF 
infection was associated with higher above-ground 
growth in slow-growing families but higher below-
ground growth in fast-growing seedlings (III). 
Accordingly, effects of particular EMF species on 
seedling growth have been reported by studies 
examining the role of EMF species (Weigt et al. 2011, 
Sousa et al. 2012) and EMF diversity (Jonsson et al. 
2001, Baxter and Dighton 2005, 2001, Kipfer et al. 
2012). Most of these studies used tree seedlings and 
suffer from the fact that growth performance of 
seedlings may have a slightly negative or no 
correlation with shoot height and performance over 
longer time periods (Karlsson et al. 2002, Sonesson et 
al. 2002). Furthermore, it has been reported that 
poorly-performing Norway spruce genotypes exhibit 
a stronger positive growth response when colonized 
with EMF than their fast-growing relatives (Mari et 
al. 2003, Boukcim and Plassard 2003). It seems that in 
the seedling stage, fast-growing families allocate the 
benefit from EMF richness mainly to below-ground 
tissues whereas seedlings of slow-growing families 
divert them to their shoots (III, IV). In the clonal 
Norway spruce cuttings, increasing EMF richness 
was associated with reduced above-ground growth 
and nitrogen content of needles (I). This is most 
probably due to nutrient competition between the 
host and EMF (Näsholm et al. 2013) and increased 
recourse allocation belowground of EMF trees 
relative to non-mycorrhizal ones has commonly been 
found in studies on pines, spruces and birches 
(Corrêa et al. 2012). Physiological expenses charged by 
symbionts to the host are likely to vary with EMF 
nutritional needs e.g. the exploration type which 
affects the structure and amount of extraradical 
hyphae (Agerer 2001).
4.3 Fungal infection rates and ectomycorrhiza 
functionality of Norway spruce seedlings with 
differing long-term growth patterns
We found no differences in EMF richness between 
seedlings of fast- and slow-growing Norway spruce 
origins inoculated with an increasing diversity 
gradient of different EMF (III) or with natural 
inoculum from the soil humus layer (IV). This is 
consistent with our recent finding that in the early 
stages of root development when seedlings are still of 
equal size, there are no obvious differences in the 
expression patterns of genes related to pathogenesis, 
defence or cell wall in root tissues (Velmala, Rajala, 
Caron, Asiegbu, Taylor, Mackay, Pennanen, 
unpublished) nor in EMF species richness (Rajala, 
Velmala, Taylor, Pennanen unpublished) between 
roots of fast- and slow-growing clonal cuttings when 
the ramets are still of equal size. Wilcoxina sp., 
Piloderma sp. and the nursery contaminant Thelephora 
terrestris were the most effective colonizers (III), and 
in mixed inoculation trials they clearly dominated 
the roots of both fast- and slow-growing seedlings 
(III). While both types of seed families were equally 
susceptible to foliar fungal pathogens (IV), when the 
monitoring period extended in winter the fast-
growing seedlings showed a slightly higher 
susceptibility to Gibberella avenacea (IV). These results 
imply that there are no growth-related differences in 
the early susceptibility to fungi. Furthermore, it does 
not seem likely that the susceptibility to infection by 
potential fungal symbionts affects any eventual 
differences in EMF community composition between 
the differently growing Norway spruces. 
The potential exoenzyme activities of single root 
tips did not differ between fast- and slow-growing 
seedlings (III). Fungal taxonomic diversity is believed 
to be positively related to functional diversity (Rineau 
and Courty 2011). In line with this notion, we 
observed that the functional potential of spruce root 
systems differed markedly according to species, 
genotype and relative abundance of the colonizing 
fungi, and, in support of reports published elsewhere 
(e.g., Buée et al. 2007, Jones et al. 2009), EMF 
community structure (III). Piloderma sp. was 
associated with high potential exoenzyme activity for 
those that degrade nitrogen- and phosphorus-
containing compounds, whereas Wilcoxina sp. 
contributed to the production of chitinase (III). 
Chitinase degrades the fungal polysaccharide chitin 
and enables its use as a source of organic nitrogen. 
This agrees with the field study of Jones et al. (2009) 
in which the abundance of Wilcoxina sp. was 
associated with high accumulation of nitrogen in 
shoots and roots of Engelmann spruce (Picea 
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engelmannii Parry x Engelm.). Furthermore, we 
observed that a high abundance of Wilcoxina sp. and 
T. terrestris was associated with increased nitrogen 
accumulation in needles, to which the potential 
activity of chitinase and cellulolytic enzymes showed 
a strong positive relationship (III). Cellulases and 
hemicellulases were abundant and seemed to be 
produced regardless of EMF diversity (III). A high 
EMF species richness enables various nitrogen 
sources to be used (Avolio et al. 2012, Jones et al. 2012, 
Talbot et al. 2013), a feature that might explain the 
increase in plant productivity in nutrient limited 
conditions (Jonsson et al. 2001, Baxter and Dighton 
2005). However, the effect of EMF on plant nutrition 
is highly dependent on the environment. When 
nutrients are limited, EMF can even reduce the 
supply of nitrogen to the host by binding it in the 
fungal mycelia (Näsholm et al. 2013), but in more 
nutrient rich conditions EMF increase their 
extracellular activities (Jones et al. 2012) and their 
ability to release more nitrogen in a form accessible 
to the host tree.
4.4 Interactions between the fungi associated 
with Norway spruce seedlings 
A challenging property of co-inoculation 
experiments is that selective competition is likely to 
occur if no niche differentiation takes place, and 
some strains might be replaced by fungi that are 
better adapted to nursery conditions (I, III). Hence, 
competition is a critical element in EMF species 
interactions (Kennedy et al. 2007) and species that 
share exactly the same niche and are in perfect 
competition cannot coexist (Gause 1934, Hardin 
1960). Fungi sharing the same niche may use chemical 
antagonism directly against each other (Stephan and 
Osorio 1995) or induce host defences (Saunders and 
Kohn 2009, Román et al. 2011). Fungal species differ 
largely by the amount of extramatrical mycelium 
they produce and in their use of resources (Agerer 
2001). If such differences are sufficiently large, two or 
more species may coexist in the same space and form 
a functioning community. 
In needles, we observed a negative relationship 
between fungal abundance and species richness 
indicating competitive interactions among fungal 
endophytes (II). We also found a slightly negative 
relationship between endophyte abundance and 
EMF richness of Norway spruce clonal cuttings (II). 
Our results (I, II) could suggest indirect antagonistic 
interactions between the fungal communities of 
ectomycorrhizas and mycophyllas in Norway spruce, 
although the chosen method for analysis of 
mycophyllas might not have revealed the true 
endophytic richness. We observed some potentially-
pathogenic fungi, e.g., Phoma herbarum (Lilja et al. 
2005), among the dominant needle endophytes (II), 
and a negative relationship between colonization of 
needles and fitness of Norway spruce has been 
reported (Barklund and Rowe 1983). Furthermore, 
needle senescence may be regulated by endophyte 
density, and thus a high abundance of needle 
endophytes may indicate reduced fitness (Sieber 
2007). Negative relationships between above-ground 
endophytes and mycorrhizas have been reported 
earlier. For example, Korkama et al. (2006) and 
Korkama-Rajala et al. (2008) observed that the fast-
growing Norway spruce clones had higher EMF 
species richness but almost 50% fewer endophytic 
saprobes than slow-growing clones. Additionally, 
Mack and Rudgers (2008) suggested that endophytes 
may induce changes in defence compounds, 
nutritional requirements, and resource allocation 
which may have inhibitory effects on mycorrhizal 
colonization. 
Trees must grow fast enough to compete with the 
surrounding vegetation and survive biotic and abiotic 
stress (Herms and Mattson 1992). Flexible resource 
allocation helps to maximize growth within 
environmental constrains and differences in growth 
rate in a uniform environment result from resource 
partitioning (Schultz et al. 2013). An immune 
response to inoculation with foliar pathogens had no 
effect on growth during the first year (IV), even 
though several studies have reported resources being 
reallocated during a defensive response (Eyles et al. 
2010, Schultz et al. 2013). Foliar fungal infection was 
associated with an increase in growth of roots at the 
expense of above-ground photosynthetic tissue (IV). 
Unfortunately, the underlying mechanism of a 
‘growth/defence trade-off’ was blurred by large 
genotypic variation (IV). The immune system of 
Norway spruce is multifaceted (Fossdal et al. 2012) 
and a high level of condensed tannins may be an 
indicator of high fitness (IV, Rajala et al. 2014). 
Pathogen-induced foliar defences did not manifest 
in below-ground activity or affect the symbiosis of 
Norway spruce seedlings with EMF from natural 
inoculum (IV). Similarly, EMF communities of 
chestnut (Castanea sativa Mill.) were unaffected by 
infection with oomycete Phytophthora spp. inoculum 
(Blom et al. 2009). In Pinus edulis (Engelm.), the extent 
to which a host genotype is susceptible and resistant 
to pathogens is also known to affect the associated 
EMF community composition (Sthultz et al. 2009). 
We observed infection with Gibberella avenacea to 
have marginal effects on EMF richness, and to trigger 
a higher production of condensed tannins in 
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seedlings of slow-growing origins (IV). However, no 
linear relationship between the infection rate for 
EMF or foliar pathogens could be found (IV). Under 
infection with G. avenaceae (IV), we observed a 
positive relationship between the concentration of 
condensed tannins and the amount of root tips in 
fast-growing seedlings. A relationship between fine 
root production and foliar content of condensed 
tannins has been noted in poplar (Fisher et al. 2006) 
and it may be of adaptive significance since more fine 
roots might help to secure nutrients in harsh 
conditions (Nadelhoffer et al. 1985). 
4.5 Begin from a strong foundation
Roots of Norway spruce adapt in response to 
environmental cues (Kalliokoski et al. 2008). Efficient 
investment in root architecture is important to the 
long-term performance and health of a tree. 
Genotypic effects on short-root formation (I) may 
influence later growth and performance (III, IV) 
possibly by manipulating the structure of the 
associated microbial community. Short-root density 
among the Norway spruce clones (I) varied from 0.75 
to 1.4, indicating a huge adaptive potential. Moreover, 
genetic regulation of root-tip densities may imply 
different strategies for growth and initiation/
establishment of symbiotic interactions in forest soil. 
Generally, high root-tip densities provide more sites 
for EMF to colonize and initiate the formation of 
mycorrhizae, which favours EMF dispersal modes 
that rely on contact with live mycelium rather than 
spores (Newton 1992). Peripheral roots have an EMF 
community that is distinct from that inhabiting the 
inner roots (Last et al. 1984, Dickie and Reich 2005). 
High root densities are believed to affect the local 
EMF community structure by favouring species with 
short-distance dispersal modes (Peay et al. 2011) and 
which rely on a constant supply of new roots in close 
proximity to the fungi (Kranabetter and Friesen 
2002). 
Genetic variation in root characteristics might 
explain the differences in EMF diversity of different 
sized host observed by Korkama et al. (2006), and that 
host performance and nutritional gains (Van der 
Heijden and Kuyper 2001) affect the formation of 
EMF communities in forest soils. Although 
comparative studies using a few species may not 
reveal the true functional capabilities of a natural 
EMF community (Cairney 1999), we propose that the 
long-term superiority of fast-growing families does 
not lie in manipulating the associated EMF for more 
efficient production of exoenzymes but rather 
through the investment in below-ground biomass, 
and that the link between tree growth and diversity 
of symbiotic fungi may lie in different strategies of 
recourse allocation (III).
Root characteristics of Norway spruce may initiate 
the early formation of an EMF community while 
host genotype shapes the emerging EMF community. 
Over time, small differences in seedling root 
architecture may lead to a positive feedback of 
increasing nutrient acquisition (Fig. 1), leading to a 
faster growth rate and improved health; the so-called 
Matthew effect (Merton 1968). Faster growth rates 
may result from seedlings that efficiently allocate 
(and reallocate) resources to roots that are well 
adapted to the patchy and harsh environment of 
forest soil (Gehring et al. 1998, Pennanen et al. 1999, 
Tedersoo et al. 2003, Lilleskov et al. 2004). A loose 
root system with a minimal amount of 
ectomycorrhizal short roots might be an advantage 
for a young tree, since such roots can be relatively 
costly for the host during periods of high metabolic 
activity (Pregitzer 2002). A sparse root system with 
few mycorrhizae will eventually develop a diverse 
EMF community with wide functional capacity, and 
help secure a strong and self-reinforcing nutritional 
base for the host tree (Druebert et al. 2009) (Fig. 1). 
 
FIGURE 1. A SELF-REINFORCING MECHANISM 
UNDERLYING HIGH GROWTH RATES AND 

















Norway spruce is abundantly infected and colonized 
by symbiotic fungi. Variation in fungal community 
composition of ectomycorrhizas and mycophyllas is 
partly regulated by the host tree, but the nature of the 
community has no clear relationship with fitness and 
vitality of the host during the early years of their 
growth. The interaction may be directed by the 
chemical composition of the host, i.e., the high 
content of condensed tannins may lead to increased 
EMF colonization, higher production of fine roots 
and reduce the fungal needle endophytes by 
excluding some species. Future research should 
evaluate the effects that endophytes may have on 
their spruce hosts, and whether the high abundance 
of certain needle endophytes can reduce host vitality 
over time. The link between Norway spruce growth 
and the diversity of symbiotic fungi may be found in 
the pattern of recourse allocation, since seedlings of 
slow-growing families allocate resources to their 
above-ground tissues whereas those of fast-growing 
families direct resources to their roots. 
Roots set the stage for the unique microbial 
community in the rhizosphere (Hiltner 1904) and 
function as the sensitive operational centres 
transmitting information from the surrounding soil 
environment to the photosynthetic parts of plants 
(Darwin 1880). Genetically determined variation in 
the interaction site between Norway spruce and its 
EMF indicate different strategies of root growth and 
development of symbiotic associations in forest soil. 
Moreover, early root architecture seems to determine 
growth at later life stages. Short-root density was 
found to be under moderate genetic control, and 
consistently different between seedlings of fast- and 
slow-growing origins. Thus, below-ground 
investment of carbon derived from photosynthesis 
might primarily be under genetic control and only 
secondarily through EMF colonization and function 
in the seedling stage. 
Due to the high plasticity of Norway spruce root 
architecture (Kalliokoski 2011), further studies are 
needed to fully understand the traits that govern 
efficient resource utilization in heterogeneous forest 
soil. Lateral roots possessing an explorative growth 
style are likely more efficient at finding local patches 
of nutrient-rich soil. Recently, Keel et al. (2012) 
showed that carbon allocation and longevity of 
structural compounds in short roots differs from the 
higher order (i.e., thicker) fine roots, implying 
functional and physiological heterogeneity within 
the outer rhizosphere. Stand characteristics are 
known to affect the amount of short roots in the 
organic layer (Helmisaari et al. 2009) as well as coarse 
root architecture (Kalliokoski et al. 2010). Yet, the 
impact of host genotype on lateral root proliferation 
and spatial distribution of fine roots is unknown. 
Furthermore, differences in fine root architecture 
and proliferation strategy in patchy forest soils 
(Pennanen et al. 1999) may shape the associated EMF 
community (Peay et al. 2011) and thereby tree fitness. 
In Norway spruce seedlings, it seems that the 
ability to form ectomycorrhizal interactions (Rosado 
et al. 1994b) is not helpful as a means to screen 
genotypes for attractive commercial traits. However, 
the heritability of short-root density indicates that 
this property has a genetic basis that can be 
artificially selected for and further developed. More 
research is needed to determine whether root 
architecture could be used as a selection criterion in 
spruce tree breeding and forestry. The impact of host 
genotype on root proliferation and architecture 
should be studied in more detail by utilizing high-
resolution visualization and molecular techniques 
available. 
5. CONCLUSIONS AND FUTURE PROSPECTS
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